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Abstract 

X-ray and 7-ray observations can help understand the origin of the electron 
and positron signals reported by ATIC, PAMELA, PPB-BETS, and Fermi. It 
remains unclear whether the observed high-energy electrons and positrons are 
produced by relic particles, or by some astrophysical sources. To distinguish 
between the two possibilities, one can compare the electron population in 
the local neighborhood with that in the dwarf spheroidal galaxies, which are 
not expected to host as many pulsars and other astrophysical sources. This 
can be accomplished using X-ray and 7-ray observations of dwarf spheroidal 
galaxies. Assuming the signal detected by Fermi and ATIC comes from 
dark matter and using the inferred dark matter profile of the Draco dwarf 
spheroidal galaxy as an example, we calculate the photon spectrum produced 
by electrons via inverse Compton scattering. Since little is known about the 
magnetic fields in dwarf spheroidal galaxies, we consider the propagation of 
charged particles with and without diffusion. Extending the analysis of Fermi 
collaboration for Draco, we find that for a halo mass ~ 1O 9 M , even in the 
absence of diffusion, the 7-ray signal would be above the upper limits. This 
conclusion is subject to uncertainties associated with the halo mass. If dwarf 
spheroidal galaxies host local magnetic fields, the diffusion of the electrons 
can result in a signal detectable by future X-ray telescopes. 
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1. Introduction 



The nature of cosmological dark matter remains a tantalizing puzzle [1]. 
If dark matter is made up of weakly interacting massive particles (WIMPs), 
their annihilation products may be observed and used for identification of the 
dark-matter particles. PAMELA Q, ATIC 0|, PPB-BETS Q, and Fermi Q 
have observed unexpected features in the electron and positron spectra at 
high energies. The high-energy electrons and positrons could come from the 
annihilations or decays of dark matter particles j^l 0, 0, @, Ell 11, 12, 13, 11 
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but they could also be produced by astrophysical sources, such as pulsars, 
sup ernova remnants and Gamma-Ray Bursts (GRBs) [jjl, 16, 17, 18, 19, 20, 



21, 22 



Theoretical models of dark matter can accommodate a wide range 
of parameters (see for example Refs. 23|, |24j, |l7j]). Astrophysical models of 
particle acceleration by pulsars are also uncertain, but they can also account 
for the observed signal. To distinguish between the two possibilities, it would 
be desirable to compare the electron and positron populations in the local 
neighborhood with that in some other parts of the galaxy, which are known to 
be devoid of pulsars and other potential astrophysical sources of high-energy 
particles. Dwarf Spheroidal Galaxies (dSphs) present such an opportunity, 
provided that one can infer the photon spectra generated by the interaction 
of electrons and positrons with the Cosmic Microwave Background radiation 
(CMB). 

Observations of dwarf spheroidal galaxies have recently been used in 
a dedicated search for decaying dark matter in the form of sterile neutri- 
nos [25|, |26|. Sterile neutrinos are expected to undergo a two-body decay, 



producing a narrow line in the X-ray spectrum (for a recent review, see, 



e.g., Ref. 27j). Detection of WIMP, which are much heavier and which an 



nihilate rather than decay, presents a very different challenge [28J. For a 
number of WIMP models, the X-ray and 7-ray signals would be too faint 
to observe in the foreseeable future, but the same models would predict the 
flux of high-energy electrons and positrons well below the levels observed by 
ATIC, PAMELA, PPB-BETS, and Fermi. A Breit-Wigner resonance Q or 

could increase the dark matter annihilation 
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long-range interactions 
cross section, but it is difficult to reconcile Sommerfeld enhancement with 
the primordial relic abundance of WIMP or with the /i-type distortion of 



the CMB energy spectrum [30|, |3l|. One does expect a boost factor from 
the small scale structure of dark matter, but the required values are well in 
excess of one's expectations based on numerical N-body simulations. 
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In the absence of a compelling theoretical framework, we will not try to 
relate our predictions to any specific model of dark matter, but we will focus 
on a model-independent determination of whether the high-energy electrons 
originate from dark matter (which is abundant in both the local neighbor- 
hood and in a dwarf spheroidal galaxy), or from some astrophysical source 
candidates (whose population in a dwarf spheroidal galaxy is suppressed). 



2. Photon spectra 

Let us consider the spectrum of CMB photons up-scattered to the X-ray 
and 7-ray bands by the Inverse Compton Scattering (ICS) of electrons and 
positrons, produced by the annihilation of dark-matter particles, in dwarf 
spheroidal galaxies. For any self-annihilating dark matter candidate, we de- 
fine the number density per unit time and energy of a certain species i in the 
final state of the reaction as 

Q l (f,E) = (av) ^N l (E), (1) 

Ni(E) describes the energy dependent differential number of particles of 
species i produced during each annihilation process. Ni(E), the mass of 
the dark matter particle m x , and the annihilation rate at zero temperature 
(cv) are the only parameters in Equation (pQ) that are sensitive to the dark 
matter model. Note however that in reality, (<jv) is strongly constrained by 



the dark-matter abundance inferred from WMAP data [32 . 

The remaining parameter is the radius-dependent dark matter halo den- 
sity profile p x (r), which we will take to be the Navarro, Frenk and White 
(NFW) profile [33| under the assumption that the dark matter is cold, as is 
the case for WIMP candidates. In this study in particular, we will consider 



the dark matter profile of the Draco dwarf Spheroidal [34] as an illustrative 



example of our technique and for comparison with previous work [35|, |36|, |37 



The Draco dSph is located at a distance D^sph ~ 80kpc from the earth. 



Based on [34J we will take the scaling density and the scaling radius of the 



NFW profile to be log ( M g^-a ) = 7.20 and log (^) = 0.45. The corre- 
sponding virial mass of the dSph is M vir = 4.6 x 1O 9 M . 

To calculate the photon spectrum, we consider the production of electrons 
and positrons and their propagation in the interstellar medium until the 
point where they interact. In theory, the process could be simulated using 
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a numerical program such as GALPROP 38], but little is known about the 



properties of the interstellar medium surrounding dwarf spheroidal galaxies. 
In light of these considerations, we will address two different cases: with and 
without diffusion. Provided that the faintness of dSphs is due to their low 
stellar and gaseous content [39|, |40|, |4l| , the magnetic fields populating dwarf 



spheroidals are likely to be extremely small if at all existent. Magnetic fields 
play a crucial role in the diffusion process, trapping charged particles in the 
local neighborhood of the galaxy and increasing their interaction time. In 
the absence of magnetic fields the electrons and positrons created during the 
dark matter annihilation can escape freely. We will therefore calculate the 
expected signal first for the case where the electrons interact with the CMB 
as they freely leave the dSph. Second, for completeness, we will address 
the possibility that, although unlikely, magnetic fields do exist in the local 
neighborhood of dSphs; we will thus also derive the expected signal under 
the assumption that the electrons and positrons are subject to diffusion. 

2.1. Spectrum in the absence of diffusion 

In the absence of magnetic fields, the electrons and positrons created 
during the annihilation process are free to escape the local neighborhood of 
the dwarf spheroidal. These relativistic electrons have enough energy to up- 
scatter CMB photons to the X-ray and 7-ray bands through inverse Compton 
scattering. In the Klein-Nishina limit, where in the rest frame of the electron 
the energy of the photon is e 3> m e c 2 , the energy spectrum of the up-scattered 



photon is [42 



olN p 
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e u is the energy of the up-scattered photon, ncMB(e) is the black-body spec- 
trum of the CMB, and ro is the classical electron radius. The final energy of 
a photon going through inverse Compton scattering should not only depend 
on the initial energies of the photon and electron, but also on the angle of 
the initial collision and on the final scattering angle. In the case of the CMB, 
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the photon bath in which the electron is traveling is isotropic, thus Equa- 
tion ([3]) was obtained by averaging over all incoming photons angles, and by 
integrating over the total scattering solid angle. 

As they escape, the electrons will lose energy through various processes 
(synchrotron, ICS, bremsstrahlung, ionization). At the scale of the excess 
observed by Fermi and PAMELA, the dominant source of loss is ICS, and 
the rate at which the electrons dissipate energy is given by: 

b lc (E) = (0.25 x 10- 16 GeV s^ 1 ) (j^f • (4) 

This is a really small effect. The typical distance between a dSph of the 
local group and the earth is on the order of ~ 100 kpc, and as mentioned 
previously, in our case, the distance to Draco is DdSph ~ 80 kpc. On that 
length scale, a 1 TeV electron will not lose more then 10% of its original 
energy. Therefore, although the ICS process is important from a physical 
point of view as it will give rise to the X-ray and 7-ray signals, it will only 
have a minimal effect on the kinetic energy of the escaping electron. From 
a mathematical standpoint, the no diffusion case is comparable to making 
D(E) arbitrarily large and setting b(E) to zero in Equation ([6]) (see Section 
12. 21 for a description of the transport equation). To a good approximation, the 
photon flux can be obtained by making the unphysical assumption that the 
electrons go through the inverse Compton process without being subjected 
to any energy losses. We determine the flux at earth by calculating the flux 
going through the surface of a sphere of radius Aisph centered on the Draco 
dSph. The interaction time of each electron as it moves radially outward to 
the surface of the sphere with constant energy is U nt ~ DdSph . The flux at 
earth is then: 



J- ND ( £u ) ~ — L— I dEdedVQ e (r,E)-^- , (5) 

A7rD^ Sph J at ae u \ c J 



The volume integral is performed over the halo of dSph up to a distance of 
2.5 kpc, and the two integrals over the incoming electron and photon energies 



are performed over the kinematically allowed range [42 



2.2. Spectrum in the presence of diffusion 

To determine the differential electron density in the presence of magnetic 



fields we will follow Refs. [35|, |43|, [36| and model the diffusion and energy loss 



5 



with the following transport equation: 
d dn e 



dt dE 



V 

+Q e (E,f 



_d_ 

+ 8E 



(6) 



where D(E, r) is the diffusion coefficient, b(E, r) is the energy loss term, and 
^fe is the sum of the differential electron and positron densities. Under the 
simplifying assumptions that the system has reached equilibrium, and that 
the diffusion and the energy loss terms are spatially homogeneous, Eq. (JSJ) 
becomes: 



dn P 







D(E)V 2 ^ + ^- 



dE dE 

We will assume a diffusion term of the form 



+ Q e (E,r) =0. 
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D(E) 



B 



1/3- 



7 



4GeV/ 



(7) 



(8) 



where ds is the minimum scale of uniformity of the magnetic field, is the 
size of the magnetic field in /j,G and Do is a constant. 



A slightly different model was considered in Ref. |46| to study the energy 
spectrum of synchrotron radiation in the Milky Way. Although the study 
assumed a departure from equilibrium, and a constant diffusion coefficient, 
it found an electron spectrum similar to our results. 



Based on the analysis of cosmic ray fluxes in the Milky Way Ref. |47j found 

2 /3 

< 7 < f with a preferred value of 7 = 0.7. The value of dg Do is not well 

-1 



known. In the same reference, a median value of Do = 1.1 x 10 27 cm 2 s" 
was used. However, this parameter depends on the magnitude and size of 
magnetic field inhomogeneities, which are unknown for systems such as dwarf 
spheroidal galaxies. Our choice of parameter will be discussed further is 
Section 13.21 

The energy loss term is 



35, 43 
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where 6j C 
6.13 x 10~ 16 GeV s" 1 and 6g rem 



b° 



j vlGeV 
0.0254 x 10" 16 GeV s" 1 



h° 

! W COul 



0.25 x 10~ 16 GeV s~\ 

1.51 x 10~ 16 GeV s" 1 ; n defines the electron 
thermal density and is taken to be n = 10~ 6 cm -3 , while 7 e is the usual 
relativistic 7-factor of the electron. 



Eq. (JTj) can be solved exactly j43j. The solution takes the form: 
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Here r n = (— l) n r + 2717^, and is the diffusion radius. We will take our 
diffusion radius to be twice the visible radius. Finally we will define Av = 
v{E) - v(E') with: 



HE) 



dyD(y) 

E «™ dE' 



(11) 



b(E>) ■ 



For the relevant parameter values for this problem, Eq. ([TO]) is safely con- 
vergent after 10 iterations. One finally obtains the overall photon spectrum 
by folding the differential electron density with the Klein-Nishina spectrum. 
Again, the integrals have to be performed over the volume of the dSph, and 
for the allowed kinematic range: 



dN 



X—ray 



dt de. 



dEdedV dN ? dUe 



dtd f „ dE 



The flux near the earth can then easily be calculated: 

1 dNx-rwf , 



^b(en) 



4:71 D 2 D dt de u 



(12) 



(13) 
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3. Application 



3.1. Source function from Pamela and Fermi 

Based on the Pamela and Fermi results, we would like to deduce a model 
independent source function, Q(E,r), for the electrons created during the 
annihilation of the dark matter particles. If one assumes that the function 
doesn't change with time, then from Equation ([I]) one can write: 

Q(E,r) = q(E)p 2 x (r), (14) 

where q(E) contains all model dependent terms, including the boost factors. 

If we consider the flux per unit energy caused by an infinitesimal element 
of Q and assume spherical symmetry we find, 

q(E)pUr) (15) 



dE dr 



It seems reasonable to integrate this out to the typical propagation length of 



the electrons given by [43 



^prop 



(16) 



where the functions D(E) and b(E) were defined previously. We take D = 
1.1 x 10 27 cm 2 s _1 , 7 = 0.7 and use IC scattering as the dominant part of b(E). 
Since / prop is only a few kpc's we take the local Milky Way value of p x {r) 
as roughly constant at 0.35GeVcm -3 and compare the total flux to those 
measured by Pamela and Fermi to get 

^^ywr (i7 » 

Where ~ 6 x 10 _26 GeV~ 3 cm 3 s- 1 and a ~ 1.88. 

3. 2. Choice of diffusion constant 

Very little is known about the interstellar medium and magnetic fields 
in dwarf spheroidal galaxies. The dynamo mechanism driven by differen- 
tial rotation and the wind produced in super novae are almost certainly not 



operational in a dwarf spheroidal galaxy |48l . |49[. While it is possible that 



the dSphs could create their own galactic wind due to the energy output by 
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stars [50| , they should be strongly affected by ram pressure and stripping due 



to the wind of the mother galaxy [5l| . It is probably unlikely that apprecia- 
ble magnetic fields could build up in dwarf spheroidal galaxies, and so the 
effects of diffusion should not be very important. However, for the purpose of 
completeness we include diffusion in our analysis. Since the dynamo action is 
almost certainly not scalable from the mother galaxy to dwarf galaxies, the 
value of D Q can differ significantly from what one obtains using the scaling 
arguments. If one assumes that the spectrum of fluctuations of the mag- 
netic field follows a Kolmogorov spectrum, one can show that the diffusion 
constant must be given by Eq. (jSj). Since very little is known about the 
magnetic field structure of dwarf spheroidal galaxies we look at two different 
possibilities. First we will consider the preferred Milky value of 10 27 cm 2 s~ 1 
|47| . Furthermore, since lower magnetic fields generate higher diffusion coef- 
ficients, and because we expect the magnitude of the magnetic fields present 
in the dSph to be very small we consider 10 29 cm 2 s _1 as well. We also vary 
the magnetic field from 0.1 — 1.0 //G. 

3.3. Results 

We should emphasize that similar studies have been performed by the 



Fermi collaboration and by other groups |35|, |36|, |37|, however the studies 
were never performed in a model independent manner and only included the 
diffusion dependent case, which we believe to be physically inaccurate. 



In Fig. [T] through Fig. 3(d) we present the results of our analysis. Fig. 



[T] presents the photon spectra in the absence of diffusion, while Fig. 3 (a 



through Fig. 3(d) present the cases where diffusion is present. Note that 
for those cases where we include diffusion, we only present results for a Kol- 
mogorov spectral index 7 = 0.3. The spectra resulting from the case of the 
Milky Way preferred value, namely 7 = 0.7, though slightly lower in magni- 
tude, were not significantly different from the ones presented here and were 
therefore omitted. As a systematic check, in the case of diffusionless trans- 
port, we calculated the photon spectra using a Monte Carlo which followed 
individual particle as they traveled from Draco to the earth. The result of 
the Monte Carlo simulation is presented in Fig. |5J 

Our results are very sensitive to the lower energy cutoff of the initial 
electron and positron populations (i.e. to the lower limit of the incoming 
electron energy integral in Eq. (jSJ) and Eq. ([13]) ). thus we present our 
results for various threshold energy values. Based on the shape of the excess 
presented by Fermi, we place an artificial cutoff on the incoming electron 
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Figure 1: Photon spectra in the absence of diffusion, for 7 = 0.3. 



spectrum at E — 900 GeV. The location of the high energy cutoff however, 
has very little effect on the resulting photon flux. This is in part due to the 
fact that the incoming photon flux is very low at high energies. 

The predicted spectra in the case where diffusion is present is on aver- 
age significantly higher than in the absence of diffusion. This is because, 
as aforementioned, in the presence of diffusion the electrons are effectively 
trapped by the magnetic fields, increasing their interaction time and conse- 
quently increasing the resulting photon signal. As it can be seen from Fig. 



3(a) through Fig. 3(d) , our predicted signal in the hard X-ray band is highly 



sensitive to the magnetic field strength, and the the electron positron signal 
low energy threshold is required to extend below 10 GeV. Simulations of the 
predicted spectra as observed by the Suzaku Hard X-ray Detector (HXD) 
demonstrate that the dark matter signal, even under optimistic assump- 
tions, is overwhelmed by cosmic and internal backgrounds. The prospects 
are considerably improved with respect to the next generation of hard X-ray 
telescopes. We have constructed simulated Astro-H spectra, adopting the 
optimal parameters for detection (solid line in Fig. 3(a) ), to assess the feasi- 
bility of targeting the Draco dwarf spheroidal, or a similar system, with this 
observatory. 



With regard to the Astro- HYiaxd X-ray Imaging System [52[, we consider 



the "all-layers configuration" 20 — 70keV band, and use simulated spectra 
to predict the source counts from Draco, as well as the cosmic X-ray and 
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Figure 2: Monte Carlo results for photon spectra in the absence of diffusion for a variety 
of low energy cutoffs. 



detector non- X-ray (particle) backgrounds (CXB and NXB, respectively). 
The currently available spectral response and simulation files enable one to 
consider sources with X-ray emission that is either spatially unresolved by 
the ~ 1.5' half-power diameter mirror (53| (1.8' circular aperture spectral 
extraction region assumed) or flat over (at least) four square degrees (full 
8.6' x 8.6' field-of-view extraction region assumed). In the latter case, the 
predicted source count rate in the 20 — 70keV bandpass is 0.00135 ct s" 1 , as 
compared to ~ 0.0034 cts" 1 from the cosmic X-ray background (CXB) and 
~ 0.0185 cts" 1 for the detector non- X-ray (particle) background (NXB) - so 
that deep exposures and highly accurate background calibration would be 
required. However, unlike the backgrounds that are flat, the dark matter 
signal is highly peaked with 3 — 10% of the signal enclosed within the central 
0.03 deg [54j. As a result, based on scaling using the reduction in beam, and 
the vignetting derived from the provided effective area functions, we find that 
the signal-to-background ratio may be boosted by as much as an order of 
magnitude with a judicious choice of spectral extraction region. The Nuclear 
Spectroscopic Telescope Array (NuStar) mission has similar capabilities in 
terms of bandpass, sensitivity, background, and angular resolution to the 
of the Astro-H HXI. The Astro-H Soft Gamma-ray Detector (SGD) j55| is 
more sensitive still, despite its lack of optics, due to the flat predicted source 
photon spectra, and observed 40keV cutoff of the CXB. Using the same 
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Figure 3: Photon spectra for 7 = 0.3 and for a low energy threshold of 1 GeV (blue, 
solid), 5 GeV (orange, dash), and 10 GeV (red, dot-dash). Figure 3(a) diffusion constant 
D = nFcn A" 1 , magnetic field B = 1 fiG. Figu re |3(b)| D = lCF'cm 2 s -1 , B = 100 nG. 
Figure [3(c)] D = 10 29 cm 2 s- 1 , B = IfxG. Figure [3(d)]~Do = 10 27 cm 2 s-\ B = 100 nG. 
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assumptions as above, the predicted SGD Draco count rate is 0.012 cts -1 in 
the 40 — 300 keV band. 100000 sec SGD simulations predict that the flux and 
high energy photon index may be determined to ~ 10% accuracies. In the 
event of a detection with Fermi, these hard X-ray and soft 7-ray observations 
could be used to constrain the propagation of the dark matter annihilation 
products. 

The 7-ray signal should be observable by the Fermi satellite. The analysis 



done by the Fermi collaboration |37f] sets flux upper-limits for the gamma-ray 
signal from various dwarf spheroidals. Assuming the 7-rays originating from 
the dSphs followed a power law: 

J 7 dSph = Fa ' (18) 

and accounting for all other known sources in the field of view of the tele- 
scope at the time of the observation as well as for the galactic diffuse emission 
and for the corresponding isotropic component, the Fermi collaboration per- 
formed a likelihood analysis to fit the observed spectrum. The power law 
presented in Eq. (lisp is constrained by the overall normalization J-" , and the 
spectral index £, while E is just an arbitrary energy scale. Their analysis 
revealed that their current data was consistent with J-" = 0, regardless of 
the value of the spectral index £, for all observed dSphs. Despite the lack of 
clear signal from dwarf spheroidal galaxies, an upper limit on the flux was 
derived using a profile likelihood technique. The results of the analysis for 



the case of Draco, as they are presented in 37| are shown in Table [TJ 



Energy 




E > 100 MeV 






E > 1 GeV 




c 

^0 


1.0 
0.09 


1.8 2.0 2.2 
0.59 0.94 1.41 


2.4 
1.94 


1.0 
0.06 


1.8 2.0 2.2 
0.13 0.16 0.21 


2.4 
0.26 



Table 1: Upper-limit on the flux Fq, in units of 10 5 m 2 s 1 , coming from the draco 
dwarf spheroidal galaxy at the 95% Confidence Level 



The no-diffusion cases, Fig. [I] and Fig. El produce the lowest flux and are 
still comfortably above these upper limits. The GeV signal is insensitive to 
the low energy cutoff of the original electron positron signal and is dominated 
by the IC scattering off the CMB. Thus, it becomes very difficult to reconcile 
these flux upper limits with the predicted signal without having a dark matter 
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component in dwarf spheroidals that differs significantly from the local dark 
matter population. This could be a hint that astrophysical sources may be at 
the origin of the signal. However, the discrepancies could also be the result 
of the large uncertainty in the overall mass of the dSph, which would directly 
impact the NFW profile of the halo. 

4. Conclusion 

Current and future observations of dwarf spheroidal galaxies with 7-ray 
detectors and with the next generation X-ray telescopes may be able to 
probe the origin of high-energy electrons and positrons observed by Fermi 
and PAMELA. Current results from Fermi, which we have extended to the 
possible case of non-diffusive propagation in a dwarf spheroidal galaxy, seem 
to be in conflict with the most conservative 7-ray prediction from an almost 
model independent analysis of an assumed dark matter signal. The litmus 
test for dark matter annihilations as the possible origin of these signals comes 
from comparing the high-energy particle fluxes in a dwarf spheroidal galaxy 
and in the local neighborhood of the Milky Way disk. 

Dark matter dominated systems, such as dwarf spheroidal galaxies, should 
generate a predictable flux of the dark-matter annihilations products, subject 
to mass model uncertainties. At the same time, most of the astrophysical 
sources capable of producing high-energy particles in the sun's neighborhood 
are absent in dwarf spheroidal galaxies, which have very few stars and very 
little gas as compared with their dark matter content. The high-energy 
electrons and positrons produced in dwarf spheroidal galaxies can generate 
X-rays and 7-rays by up-scattering CMB photons to higher energy bands. 
The predicted fluxes are above the upper limits set by Fermi for Draco; 
although this result could be interpreted as favoring an astrophysical source 
for the excess of high energy electrons and positrons in our galaxy, the large 
uncertainty in the mass of the halo limit the strength of this interpretation. 
Better mass measurements need to be obtained before conclusions can be 
made. 

5. Acknowledgments 

We thank the Astro-H team for providing simulation tools. A.K. thanks 
P. Biermann for helpful comments. The work of A.C. and A.K. was sup- 
ported in part by DOE grant DE-FG03-91ER40662 and by the NASA ATP 



14 



grant NNX08AL48G. M.L. was supported by NASA ADAP grant 
NNX11AD36G. M.F. acknowledges support from the EU Marie Curie Net- 
work UniverseNet (HPRN-CT-2006-035863). 



References 



[1] G. Bertone, D. Hooper, and J. Silk, "Particle dark matter: Evidence, 
candidates and constraints," \Phys. Rept. 405 (2005) 279-390[ 
|arXiv : hep-ph/0404175[ 

[2] PAMELA Collaboration, O. Adriani et ai, "An anomalous positron 
abundance in cosmic rays with energies 1.5.100 GeV," 



Nature 458 (2009) 607-609, arXiv: 0810 .4995 [astro-ph] 



[3] J. Chang et ai, "An excess of cosmic ray electrons at energies of 



300.800 GeV," Nature 456 (2008) 362-365. 



[4] PPB-BETS Collaboration, S. Torii et ai, "High-energy electron 
observations by PPB-BETS flight in Antarctica," 



arXiv: 0809. 0760 [astro-ph] 



[5] The Fermi LAT Collaboration, A. A. Abdo et ai, "Measurement of 
the Cosmic Ray e+ plus e- spectrum from 20 GeV to 1 TeV with the 



Fermi Large Area Telescope," 


Phys. Rev. Lett. 102 (2009) 181101 


arXiv: 0905. 0025 [astro-ph. HE] 





[6] M. Ibe, H. Murayama, and T. T. Yanagida, "Breit-Wigner 

Enhancement of Dark Matter Annihilation," Phys. Rev. D79 (2009) 



095009, arXiv: 0812. 0072 [hep-ph] 



[7] C.-R. Chen, F. Takahashi, and T. T. Yanagida, "High-energy 
Cosmic-Ray Positrons from Hidden-Gauge-Boson Dark Matter," 



Phys. Lett. B673 (2009) 255-259 arXiv: 0811 . 0477 [hep-ph] 



[8] C.-R. Chen, M. M. Nojiri, F. Takahashi, and T. T. Yanagida, 

"Decaying Hidden Gauge Boson and the PAMELA and ATIC/PPB- 



BETS Anomalies," 


Prog. Theor. Phys. 122 (2009) 553-5591 


arXiv: 081 1.3357 [astro-ph] 





[9] P. J. Fox and E. Poppitz, "Leptophilic Dark Matter," Phys. Rev. D79 



(2009) 083528, arXiv: 0811 . 0399 [hep-ph] 



15 



[10] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and N. Weiner, "A 



Theory of Dark Matter," 


Phys. Rev. D79 (2009) 015014 


arXiv: 0810. 0713 [hep-ph] 





[11] S. Shirai, F. Takahashi, and T. T. Yanagida, "Cosmic-ray Electron and 
Positron Excesses from Hidden Gaugino Dark Matter," 
|arXiv: 0905 .3235 [hep-ph] 



[12] M. Ibe, Y. Nakayama, H. Murayama, and T. T. Yanagida, 

"Nambu-Goldstone Dark Matter and Cosmic Ray Electron and 



Positron Excess," | JEEP 04 (2009) 087[ |arXiv: 0902 .2914 [hep-ph] 



[13] M. Ibe, H. Murayama, S. Shirai, and T. T. Yanagida, "Cosmic Ray 
Spectra in Nambu-Goldstone Dark Matter Models," 



\JEEP 11 (2009) 120[ |arXiv : 0908 . 3530 [hep-ph] 



[14] S. Shirai, F. Takahashi, and T. T. Yanagida, "Decaying Hidden 
Gaugino as a Source of PAMELA/ATIC Anomalies," 
|arXiv : 0902 . 4770 [hep-ph] | 



■ 



[15] H. Yuksel, M. D. Kistler, and T. Stanev, "TeV Gamma Rays from 
Geminga and the Origin of the GeV Positron Excess," 
\Phys. Rev. Lett. 103 (2009) 051101| |arXiv: 0810 .2784 [astro-ph] 



[16] K. Ioka, "A Gamma- Ray Burst/Pulsar for Cosmic- Ray Positrons with 
a Dark Matter-Like Spectrum," |arXiv:0812.4851v3 [astro-ph]] 

[17] S. Profumo, "Dissecting Pamela (and ATIC) with Occam's Razor: 
existing, well-known Pulsars naturally account for the 'anomalous' 
Cosmic-Ray Electron and Positron Data," 
|arXiv: 0812 .4457 [astro-ph] | 

[18] L. Stawarz, V. Petrosian, and R. D. Blandford, "On the Energy 
Spectra of GeV/TeV Cosmic Ray Leptons," 



Astrophys. J. 710 (2010) 236-247[|arXiv: 0908. 1094 [astro-ph . GA] 



[19] A. Calvez and A. Kusenko, "Can past gamma-ray bursts explain both 
INTEGRAL and ATIC /PAMELA /Fermi anomalies simultaneously?," 



Phys. Rev. D82 (2010) 063005, arXiv: 1003.0045 [astro-ph. HE] 



16 



[20] M. Ahlers, P. Mertsch, and S. Sarkar, "Cosmic ray acceleration in 
supernova remnants and the FERMI/PAMELA data," 
\Phys. Rev. D 80 no. 12, (Dec, 2009) 123017| 

[21] N. J. Shaviv, E. Nakar, and T. Piran, "Inhomogeneity in Cosmic Ray 
Sources as the Origin of the Electron Spectrum and the PAMELA 



Anomaly," \Phys. Rev. Lett. 103 no. 11, (Sep, 2009) 111302[ 



[22] P. Blasi, "Origin of the Positron Excess in Cosmic Rays," 



Phys. Rev. Lett. 103 no. 5, (Jul, 2009) 051104 



[23] M. Cirelli, M. Kadastik, M. Raidal, and A. Strumia, 

"Model-independent implications of the e+, e-, anti-proton cosmic ray 



spectra on properties of Dark Matter," \Nucl. Phys. B813 (2009) 1-21 
|arXiv : 0809 . 2409 [hep-ph] [ 

[24] FERMI-LAT Collaboration, D. Grasso et al, "On possible 
interpretations of the high energy electron- positron spectrum 
measured by the Fermi Large Area Telescope," 
|arXiv: 0905 .0636 [astro-ph . HE] 



[25] M. Loewenstein, A. Kusenko, and P. L. Biermann, "New Limits on 
Sterile Neutrinos from Suzaku Observations of the Ursa Minor Dwarf 



Spheroidal Galaxy," 


Astrophys. J. 700 (2009) 426-4351 


arXiv: 0812. 2710 [astro-ph] 





[26] M. Loewenstein and A. Kusenko, "Dark Matter Search Using Chandra 
Observations of Willman 1, and a Spectral Feature Consistent with a 
Decay Line of a 5 keV Sterile Neutrino," 



Astrophys. J. 714 (2010) 652-662 |arXiv : 0912 . 0552 [astro-ph THE] 



[27] A. Kusenko, "Sterile neutrinos: the dark side of the light fermions, 



\Phys. Rept. 481 (2009) l-28[ [arXiv : 0906 . 2968 [hep-ph] 



[28] J. L. Feng, "Dark Matter Candidates from Particle Physics and 
Methods of Detection ," |arXiv: 1003.0904 [astro-ph . COT 

[29] M. Lattanzi and J. I. Silk, "Can the WIMP annihilation boost factor 
be boosted by the Sommerfeld enhancement?," 



Phys. Rev. D79 (2009) 083523 arXiv : 0812 . 0360 [astro-ph] 



17 



[30] J. L. Feng, M. Kaplinghat, and H.-B. Yu, "Halo Shape and Relic 
Density Exclusions of Sommerfeld- Enhanced Dark Matter 
Explanations of Cosmic Ray Excesses," |arXiv:0911.0422 [hep-ph] 



[31] J. Zavala, M. Vogelsberger, and S. D. M. White, "Relic density and 
CMB constraints on dark matter annihilation with Sommerfeld 



enhancement," |arXiv: 0910 . 5221 [astro-ph. CO] | 



[32] WMAP Collaboration, G. Hinshaw et al, "Five- Year Wilkinson 

Microwave Anisotropy Probe (WMAP) Observations:Data Processing, 
Sky Maps, & Basic Results," \Astrophys. J. Suppl. 180 (2009) 225-245] 



arXiv : 0803 .0732 [astro-ph] 



J. F. Navarro, C. S. Frenk, and S. D. M. White, "The Structure of 



Cold Dark Matter Halos," \Astrophys. J. 462 (1996) 563-575[ 



arXiv : astro-ph/9508025 , 



[34] S. Mashchenko, A. Sills, and H. M. P. Couchman, "Constraining global 
properties of the Draco dwarf spheroidal galaxy," 



Astrophys. J. 640 (2006) 252-269, arXiv: astro-ph/0511567 



[35] T. E. Jeltema and S. Profumo, "Searching for Dark Matter with X-ray 
Observations of Local Dwarf Galaxies," 
|arXiv: 0805 .1054 [astro-ph] 

[36] S. Colafrancesco, S. Profumo, and P. Ullio, "Detecting dark matter 
WIMPs in the Draco dwarf: a multi- wavelength perspective," 



Phys. Rev. D75 (2007) 023513 arXiv : astro-ph/0607073 



[37] A. A. Abdo et al., "Observations of Milky Way Dwarf Spheroidal 

galaxies with the Fermi-LAT detector and constraints on Dark Matter 



models," Astrophys. J. 712 (2010) 147-158 



arXiv : 1001.4531 [astro-ph .CO] 



[38] A. W. Strong and I. V. Moskalenko, "Propagation of Cosmic-Ray 



Nucleons in the Galaxy," Astrophys. J. 509 (Dec, 1998) 212-228 



arXiv : astro-ph/9807150 



[39] D. V. Bowen, E. Tolstoy, A. Ferrara, J. C. Blades, and E. Brinks, "The 
absence of diffuse gas around the dwarf spheroidal galaxy Leo I," 



arXiv : astro-ph/9608189| 



18 



[40] M. Mateo, "Dwarf Galaxies of the Local Group," 



Ann. Rev. Astron. Astrophys. 36 (1998) 435-506 


arXiv : astro-ph/98 10070 





[41] J. S. Gallagher, G. J. Madsen, R. J. Reynolds, E. K. Grebel, and T. A. 
Smecker-Hane, "A Search for Ionized Gas in the Draco and Ursa Minor 
Dwarf Spheroidal Galaxies," \Astrophys. J. 588 (2003) 326-330[ 
|arXiv : astro- ph/0301228| 

[42] G. R. Blumenthal and R. J. Gould, "Bremsstrahlung, synchrotron 
radiation, and compton scattering of high-energy electrons traversing 
dilute gases," \Rev. Mod. Phys. 42 (1970) 237-270[ 

[43] S. Colafrancesco, S. Profumo, and P. Ullio, "Multi- frequency analysis 
of neutralino dark matter annihilations in the Coma cluster," 



Astron. Astrophys. 455 (2006) 2l \ |arXiv:astro-ph/0507575| 



[44] S. Colafrancesco and P. Blasi, "Clusters of galaxies and the diffuse 



gamma-ray background," 


Astropart. Phys. 9 (1998) 227-2461 


arXiv : astro-ph/9804262 





[45] P. Blasi and S. Colafrancesco, "Cosmic rays, radio halos and 

nonthermal X-ray emission in clusters of galaxies," Astropart. Phys. 
122 (1999) 169-183, [arXiv : astro-ph/9905122| 

[46] S. I. Syrovat-Skii, "The Distribution of Relativistic Electrons in the 
Galaxy and the Spectrum of Synchrotron Radio Emission.," Soviet 
Astronomy 3 (Feb., 1959) 22. 

[47] F. Donato, N. Fornengo, D. Maurin, and P. Salati, "Antiprotons in 
cosmic rays from neutralino annihilation," 



Phys. Rev. D69 (2004) 063501, arXiv: astro-ph/0306207 



[48] E. N. Parker, "Fast dynamos, cosmic rays, and the Galactic magnetic 
field," |Astrophys. J. 401 (Dec, 1992) 137-145] 

[49] M. Hanasz, G. Kowal, K. Otmianowska-Mazur, and H. Lesch, 

"Amplification of Galactic Magnetic Fields by the Cosmic-Ray-driven 



Dynamo," 


Astrophys. J. 605 (Apr., 2004) L33-L36, 


astro-ph/0402662 





19 



[50] R. Barvainis, G. Mcintosh, and C. R. Predmore, "Evidence for strong 
magnetic fields in the inner envelopes of late-type stars," 
|Nature 329 (Oct., 1987) 613-615] 

[51] J. E. Everett, E. G. Zweibel, R. A. Benjamin, D. McCammon, 

L. Rocks, and I. J. S. Gallagher, "The Milky Way's Kiloparsec-Scale 
Wind: A Hybrid Cosmic-Ray and Thermally Driven Outflow," 
|Astrophys. J. 674 (Feb., 2008) 258-270| [ar Xiv : 0710 . 37121 

[52] M. Kokubun, K. Nakazawa, T. Enoto, Y. Fukazawa, K. Gilmore, 
J. Kataoka, M. Kawaharada, P. Laurent, F. Lebrun, O. Limousin, 
K. Makishima, T. Mizuno, K. Mori, T. Nakamori, M. Ohno, M. Ohta, 

G. Sato, H. Tajima, H. Takahashi, T. Takahashi, T. Tanaka, Y. Terada, 

H. Uchiyama, Y. Uchiyama, S. Watanabe, Y. Yatsu, and K. Yamaoka, 
| "Hard x-ray imager (HXI) for the ASTRO-H Mission," | in Society of 
Photo-Optical Instrumentation Engineers (SPIE) Conference Series, 
vol. 7732 of Presented at the Society of Photo- Optical Instrumentation 
Engineers (SPIE) Conference. July, 2010. 

[53] H. Kunieda, H. Awaki, A. Furuzawa, Y. Haba, R. Iizuka, K. Ishibashi, 
M. Ishida, M. Itoh, T. Kosaka, Y. Maeda, H. Matsumoto, 
T. Miyazawa, H. Mori, Y. Namba, Y. Ogasaka, K. Ogi, T. Okajima, 
Y. Suzuki, K. Tamura, Y. Tawara, K. Uesugi, K. Yamashita, and 
S. Yamauchi, "Har d x-ray telescope to be onboard ASTRO-H," | in 
Society of Photo-Optical Instrumentation Engineers (SPIE) Conference 
Series, vol. 7732 of Presented at the Society of Photo-Optical 
Instrumentation Engineers (SPIE) Conference. July, 2010. 

[54] A. Charbonnier, C. Combet, M. Daniel, S. Funk, J. A. Hinton, 

D. Maurin, C. Power, J. I. Read, S. Sarkar, M. G. Walker, and M. I. 
Wilkinson, "Dark matter profiles and annihilation in dwarf spheroidal 
galaxies: prospectives for present and future gamma-ray observatories - 

I. The classical dSphs," ArXiv e-prints (Apr., 2011) , 
arXiv: 1104.0412 [astro-phTHE]] 

[55] H. Tajima, R. Blandford, T. Enoto, Y. Fukazawa, K. Gilmore, 
T. Kamae, J. Kataoka, M. Kawaharada, M. Kokubun, P. Laurent, 
F. Lebrun, O. Limousin, G. Madejski, K. Makishima, T. Mizuno, 
K. Nakazawa, M. Ohno, M. Ohta, G. Sato, R. Sato, H. Takahashi, 



20 



T. Takahashi, T. Tanaka, M. Tashiro, Y. Terada, Y. Uchiyama, 
S. Watanabe, K. Yamaoka, and D. Yonetoku, 

"So ft gamma-ray detector for the ASTRQ-H Mission," in Society of 
Photo-Optical Instrumentation Engineers (SPIE) Conference Series, 
vol. 7732 of Presented at the Society of Photo- Optical Instrumentation 
Engineers (SPIE) Conference. July, 2010. 
arXiv: 1010.4997 [astro-ph. IM] 



21 



